success of electrospinning will rely on the proper optimization of several process parameters including flow rate of spinning solution, applied voltage and distance from the needle tip to the fiber collector, as well as relevant solution properties such as viscosity, viscoelasticity, concentration, electrical conductivity and surface tension [6, 14, 28] .
Introduction
Electrospinning is a technology that produces continuous polymer nanofibers by application of high voltages to a polymer solution or melt [6] . Although the technology has been mainly applied to synthetic polymers its use in food applications has been increasing significantly [1, 28] . This happens because electrospun nanofibers have small diameter sizes and very high surface area-to-mass ratios, typically exhibiting great functionality and improved mechanical performances when compared to fibers produced by other fiber-forming methods [6, 14] . Also, during electrospinning the solvent evaporates rapidly as the polymer jet travels towards the fiber collector which allows the production of fibers composed of polymer mixtures that would most likely phase separate if processed with other technologies [14] . Electrospun nanofibers and fibrous mats made from food-grade polymers or food-grade polymer mixtures can be used to develop functional foods, active food packaging and coatings by embedding active compounds in the fibers, to design foods with novel textures that provide enhanced satiety or even be used as processing aids and sensors [5, 14, 19, 28] . The In this study, GG was mixed with two Corn Starches (CS) with different amylose contents (27.8% and 50%) to produce, for the first time, electrospun GG/CS nanofibers using an environmentally friendly process. Uniform nanofibers were obtained from aqueous GG/CS blends without the need for either additional steps after GG purification or the use of any special additives or chemicals. The rheological properties of the GG, CS, and respective GG/CS blends were determined and related with fiber morphology and Fiber Diameter Size (FDS).
Materials and methods

Materials
Commercial guar gum (GG; lot # SLBH5693V, India) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Melojel corn starch with a reported 27.8% amylose content (CS28) and Hylon V corn starch with a reported 50% amylose content (CS50) were kindly supplied by Ingredion Incorporated (Bridgewater, NJ). The respective average particle sizes (11.2 and 12.1 µm) and moisture contents (6.0 and 7.2%) were determined in our laboratory. The mean particle sizes of CS28 and CS50 were determined by light scattering using a particle size meter (HORIBA Partica LA-950V2) while the moisture content was determined by drying a known amount of each CS in an air-oven at 120 °C to constant weight. MilliQ water with a resistivity of 18.2 MΩ. cm was prepared using Barnstead E-pure water system (Dubuque, IA) and used in all experiments.
Methods
Preparation of spinning solutions
Guar Gum (GG) was slowly dispersed in a vigorous vortex of Millipore water and left under moderate stirring overnight, at room temperature, to prepare a ~1.3 % wt solution. The solution was centrifuged in a Thermo Scientific centrifuge (Model Sorvall Legend X1R, Thermo Fisher Scientific Inc., Waltham, MA, USA) at 12,000 g and 40 ºC for 1h. The supernatant was precipitated in ethanol at a 1:2 volume ratio followed by drying overnight in a vacuum oven to obtain the purified GG. A 3% purified GG solution was then prepared by dissolving the galactomannan in Millipore water at 50 ºC for 3h using an oil bath heated in a magnetic stirrer (model RCT basic, IKA, Werke Staufen, Germany) equipped with a PT 1000 IKA temperature sensor. .
Corn starch (CS) samples were dispersed in water under stirring at 85 ºC for 1h (CS28) and 95 ºC for 1.5h (CS50) to prepare CS dispersions with 3 wt% concentration. After heating, CS50 dispersions were sonicated for 10 min using an ultrasonic probe and 100% amplitude (Cole Palmer Sonicator, model 130 W, 20kV) equipped with a 1/2" microtip (constant duty cycle). The sonication was performed in the pulsed mode with the sonicator on for 30s, then off for 30s and the sample vessels were kept in an ice-water bath during treatment. Sonication time does not include the resting time.
GG and CS starting solutions were mixed at different mass ratios (4:1, 2:1, 1:1, 1:2 and 1:4) to prepare GG/CS blends with 3% wt total polysaccharide concentration. Mixing was carried out at 70 °C for 2h under gentle stirring. Spinning solutions only composed of GG or CS (GG/CS mass ratios of 1:0 and 0:1, respectively) were submitted to the same thermal treatment as the blends. All samples were prepared in closed cap vials to prevent solvent evaporation.
Rheological measurements
The rheological tests were performed at 50°C using a Kinexus Rheometer (Malvern Instruments, Worcestershire, UK) with attached cone-plate geometry (40 cm, 2° cone, truncation gap 54 µm).
The GG/CS blends were loaded on the Peltier plate (preheated to 50 °C) and immediately covered with paraffin oil to prevent water evaporation. Oscillatory measurements were carried out in the linear viscoelastic region of each sample, determined by strain sweep tests. After an equilibration step of 5 min at 50 °C, the viscoelastic properties (elastic modulus, G', and viscous modulus, G'') as function of frequency were measured through frequency sweep tests over the range, 0.01-10 Hz. Steady shear measurements were performed in the shear rate range of 0.001-1000 s -1 to build flow curves from apparent viscosity data of each sample.
Electrospinning
GG/CS blends were prepared by electrospinning using a NaBond NEU-PRO unit (NaBond Technologies Co., Limited, China). A tubeless spinneret (NaBond Technologies Co., Limited, China) connected to an external syringe pump (Veryark, model TCI-IV) was attached inside a cabinet housing a drum collector. Each sample was loaded onto a 5 mL plastic syringe (initial sample volume of 3 mL) with an attached metallic needle (outer diameter × length = 0.7 mm × 32 mm and inner diameter = 0.390 mm) and placed in the spinneret. A scheme of the electrospinning set-up can be found elsewhere [26] . After several preliminary trials the electrospinning conditions were fixed at: 1 mL/h of flow rate (Note: value set in the syringe pump matching a real flow rate in the spinneret according to the company of 0.5 mL/h), 18 kV of applied voltage and a 10 cm distance from the tip of the needle to the collector. These conditions ensured perfect polymer jets (continuous and free of droplets) for all spinning solutions. The fiber mats were produced at 50 °C after being collected onto the drum covered with non-sticky aluminum foil and rotating at 40 rpm.
SEM
The electrospun nanofibers were coated with a thin film of gold after being mounted onto specimen stubs, and the edge painted with colloidal silver adhesive prior to examine by Scanning Electron Microscopy (SEM; FEI, Hillsboro, OR). Photos were taken in the high-vacuum/secondary electron imaging mode using an accelerating voltage of 10 kV and working distances between 10.2-11.8 mm. At least one hundred fiber sizes were measured in the fibers shown in each SEM micrograph using the image analysis software XT Document (FEI Corp, Hillsboro, OR) to build a FDS histogram.
Statistical analysis
The Shapiro-Wilk W test adapted to large sample sizes by [22] was used for testing normality (P<0.05). Means of FDS following the normality and homogeneity of variance requirements were compared using the Tukey test (P<0.05) while the Mann-Whitney test (P<0.05) was used for comparing means of FDS following nonnormal distributions. One-way Analysis Of Variance (ANOVA) and Tukey test were performed to determine the significant differences between each mean value of surface tension, defined for P<0.05. All statistical analyses were performed using the software Statistica 8.0 (StatSoft Inc., Tulsa, OK).
Results and discussion
Characterization of spinning solutions
Rheological properties of the spinning solutions were measured through oscillatory tests to determine the dependence of viscoelastic properties with frequency and through steady state experiments to determine the solution viscosity as a function of shear rate. Ideally we should measure the solution behavior under extensional deformation since extrusion processes like electrospinning typically involve the polymer solution or melt stretching. However, elongational viscosity is much harder to measure and since it is proportionally related with shear viscosity, measurements under shear deformation are most commonly used to support electrospinning studies [7, 28] . Fig. 1 shows the viscoelastic properties (elastic (G') and viscous (G'') moduli) at 50 °C of representative GG/CS28 (A) and GG/CS50 (B) blends, and of the GG alone, recorded from 0.01 to 10 Hz. Pure starches are not plotted since it was hard to obtain meaningful data. Similar problems have been reported by other authors [2] .
The spinning solutions showed G' and G'' values that were frequency-dependent and varied up to several orders of magnitude within the range of studied frequencies. The GG alone (3 wt%) showed the highest values of G' and G'' with the curves exhibiting a cross-over point around 0.1 Hz (i.e. G' = G''), beyond which the viscoelastic behavior became predominantly elastic (G' > G'') ( Fig. 1) . Similar behavior was observed by Torres et al. when studying GG solutions with concentrations above 1 wt% at 25 °C [32] . Despite the scattered data, it was clear a predominant elastic behavior (G' > G'') in the mechanical spectra of both starches (not shown). The magnitudes of the viscoelastic parameters were very low, between ~0.0007-4 Pa, especially at low frequencies.
Blends of GG/CS exhibited intermediate behaviors to those of the pure polysaccharides. For both CS, the elastic plateau (G'=G'') moved gradually to higher frequencies with the decrease of GG content in the blends (e.g. ~0.3 Hz for 1:1 GG/CS28 and ~5 Hz for 1:4 GG/CS28; Fig. 1A ). Decreasing the GG concentration decreased the viscoelastic parameters and the curves approached those of the pure starches. The frequency-dependence of G' and G'' was more significant for the pure CS and for the blends with higher CS contents. For instance, the G' values of GG/CS50 at 1:4 ratio varied from 0.01 to 10 Pa and the G'' from 0.1 to 10 Pa while at 4:1 ratio, both moduli varied only by one order of magnitude (Fig. 1B) .
Example flow curves at 50 °C of the GG/CS blends and of the GG alone are represented in Fig. 2 for CS28 (A) and CS50 (B) . Results for the pure CS were unreliable under the tested conditions and are not represented. The GG solution was highly viscous and showed a strong shear thinning behavior after a critical shear rate around 0.01 s -1 with the apparent viscosity decreasing over several order of magnitudes with increasing shear rates ( Fig.  2A) . Below ~0.01 s -1 , the solution exhibited a Newtonian plateau as previously observed for similar GG solutions [32] and other galactomannans [25] . Partial substitution of GG by CS28 or CS50 let to different flow behaviors with the viscosity and shearthinning effect gradually decreasing with the GG concentration.
Correlation between rheology and fiber formation
Spinning solutions prepared at 3 wt% total polysaccharide concentration and different GG/CS ratios were electrospun at 50 °C using predetermined electrospinning conditions. Preliminary tests showed that either CS produced blends that could be electrospun over a wide range of parameters without altering significantly the fiber morphology (not shown). Representative SEM images and FDS histograms of the obtained nanofibers are shown in Figs. 3 and 4 for the GG/CS28 blends and in Figs. 5 and 6 for the GG/CS50 blends.
Initially, the 3% GG solution flowed at the rate of 1 mL/h but led to frequent needle clogging and discontinuous spinning with the increase of spinning time. This limited spinnability agreed well with the high solution viscosity (Fig. 2) and predominant elastic behavior (Fig. 1 ) measured during the rheological tests. The pure galactomannan formed irregular nanofibers with smaller (2) and wider (1) FDS between 20 and 80 nm (Fig.  3A) which could be formed due to jet instabilities related with high solution viscosity [4, 31] . In electrospinning, continuous and defect-free nanofibers with uniform FDS are formed from polymer solutions with adequate properties. While polymer concentration should ensure sufficient molecular entanglements to form a continuous polymer jet, the deformation of the solution droplet prior to jet formation must come from an adequate electrostatic force whose magnitude and stability will be determined by the solution viscosity, viscoelasticity, surface tension and electrical conductivity [27, 28, 31] . Due to the nature of our solutions the surface tension and electrical conductivities could not be measured but we believe that the rheological properties which are governed by molecular weight, molecular weight distribution, concentration of polysaccharide and solvent system will be determinant factors for fiber formation.
Similar to the results of another group [28] , it was not possible to obtain fibers when electrospinning either CS (not shown). It is believed that starch fiber-forming ability is mostly linked to its amylose content since the highly branched nature of amylopectin cannot be as easily aligned and stretched to form continuous fibers [12] . While starch gelatinization is expected to occur below 100 °C (heating temperature of our starch dispersions) the transition from an helical to random coil conformation of starch molecules, which favors fiber formation, will only occur ~160 °C [12] . For this reason, native starch fibers have only been obtained by electro-wet-spinning technology from DMSO solutions [10, 11, 12, 13 ] while electrospinning has only been possible using starch derivatives [15, 34] or starch blends with synthetic polymers [29, 30] .
The GG/CS28 blend prepared at 4:1 ratio, containing 2.4 wt% GG and 0.6 wt% CS28, had viscosities ( Fig. 2A ) and viscoelastic properties (not shown) closer to those of the pure GG showing the same limitations in spinnability. Two populations of fibers were also formed (identified by 1 and 2 in Fig. 3B ) with similar average FDS (56 ± 36 nm) to that of the GG alone (P>0.05) but in this case, the smaller fibers showed significant branching (2). Increasing the CS28 content in the blend from 0.6 to 1 wt% significantly improved the jet stabilities and led to more uniform fiber morphology and to an increase in fiber size (95 ± 27 nm; P<0.05; Fig. 3C) . A transition was also noted in the distributions of FDS from non-normal ( Figs. 3A and 3B ; P<0.05) to normal (P>0.05; Fig. 3C ). GG solutions with concentrations between 1-2.4% were also electrospun under the same process parameters and compared with GG/CS blends. A 2% GG solution showed good spinnability but the produced nanofibers showed some minor defects (Fig. 4B) proving that the addition of 1% CS28 was important to improve fiber morphology as shown in Fig. 4A at lower magnification. At deformation rates closer to those felt in the polymer jet (1000 s -1 ;) [7] , the viscosity of 2:1 GG/CS28 was ~0.17 Pa.s (Fig. 2A) . When further increasing the CS28 content (>1 wt%; Figs. 3D-F) , fiber morphology and FDS became gradually more irregular changing from beaded fibers at 1.5 wt% (Fig. 3D for 1: 1 GG/CS28) to beaded fibers with other defects at 2 wt% CS28 or higher (Figs. 3E and F for 1:2 and 1:4 GG/CS28). The viscosities in the range 0.12-0.06 Pa.s (1000 s -1 ; Fig. 2A ) decreased with the increase in starch content and the FDS decreased down to a minimum average value of 33±13 nm for 1:4 GG/CS28 (Fig. 3F ).
Blends prepared with CS50 showed similar spinnability to those prepared with CS28 and formed fibers with higher FDS (P<0.05) except, the GG/CS50 at 1:4 ratio (32 ± 10 nm; P>0.05; Fig. 5E ). GG/CS50 at 4:1, with viscosities closer to those of the GG alone (Fig. 2B) , could not form a continuous polymer jet (not shown). This blend formed nanofibers with a few beads and mean FDS of 89 ± 17 nm (Fig. 5A ).
Fibers with a few beads and FDS ranging from 89 to 127 nm were also formed from GG/CS50 2:1 (Fig. 5B) . At an optimal ratio of 1:1 (1.5 wt% of GG and 1.5 wt% of CS50), the nanofibers became uniform and their FDS, with an average value of 81±14 nm, normally distributed (P>0.05; Fig. 5C ). For this blend, the viscosity at 1000 s -1 was ~0.16 Pa.s (Fig. 2B ), similar to that of (1) and (2) indicate two populations of fiber sizes. the 2:1 GG/CS28 that produced best nanofibers ( Fig. 2A) . A 1.5% GG solution produced fibers with many defects (Fig. 6C) proving that the addition of CS50 facilitated the electrospinning process and led to more uniform fiber morphology (Fig. 6A ). Contrarily to CS28 (not shown), the sonication of CS50 prior to mixing with GG significantly improved fiber morphology. The disintegration of starch granules leading to amylose leaching out into the aqueous phase takes place after the swelling of the granules caused by heat treatment. Contrarily to CS28, the CS50 was only partially gelatinized when heating the starch dispersions at 95 °C (gelatinization temperatures: ~80 °C for CS28 and ~103 °C for CS50 [21, 33] . We suspect that the sonication could stimulate the solubilization of CS50 in water leading to a better dispersion and separation of randomly aggregated amylopectin molecules, making the starch strands more homogeneous and aligned, which resulted in a significant improvement in fiber morphology [9, 23] . An example of nanofibers produced with (A) and without starch sonication (B) is shown in Fig. 6 for the 1:1 GG/CS50. Increasing the starch content in the spinning solution from 1.5 wt% to 2 wt% led to the formation of nanofibers with many beads (Fig 5D) and non-normal distributions of FDS (P<0.05). Mean FDS of GG/ CS50 1:2 decreased to 49 ± 13 nm (P<0.05) which was not much different (P>0.05) to that of the GG alone (Fig. 3A) . A further increase in CS50 concentration to 2.4 wt% resulted in fibers with many defects as shown in Fig. 5E .
In the present study, defects in fiber morphology and limitations in spinnability of GG could be overcome by blending GG with CS with different amylose contents without the need for additional steps after GG purification. Differences in the optimal blending ratio of CS28 and CS50 with GG could be attributed to the different amylose contents and different preparation methods of the starches (CS50 was sonicated while CS28 was not).
Conclusions
Electrospun nanofibers were produced for the first time, from blends of GG and CS with different amylose contents. The CS were effective rheological modifiers that greatly improved the spinnability of GG solution. At an optimal viscosity and polysaccharide ratio, defect-free fibers could be formed from blends of either CS without the need for successive filtrations prior to electrospinning to eliminate GG aggregates in solution. The sonication of CS50 prior to mixing with GG significantly improved fiber morphology. GG has a long history of safe use as a component in food formulations, the present research showed the potential of GG as a carrier polymer for electrospinning fine fibers and fibrous mats from proteins and non-spinnable polysaccharides, such as pectin and chitosan, etc. for food-grade applications.
